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Abstract. 

We consider the extension of the supersymmetric Pati-Salam model introduced in order to solve 
the /j-quark mass problem in supersymmetric theories with Yukawa unification, universal boundary 
conditions and > 0. This model naturally leads to the new shifted and new smooth hybrid inflation 
scenarios, which, however, yield, in minimal supergravity, too large values of the spectral index n^. 
We show that this problem can also be resolved within the same model by a two-stage inflationary 
scenario based only on renormalizable superpotential interactions. The first stage is of the standard 
and the second of the new smooth hybrid type. The cosmological scales exit the horizon during the 
first stage of inflation and acceptable /is's can be achieved by restricting the number of e-foldings of 
our present horizon during this inflationary stage. The additional e-foldings needed for solving the 
horizon and flatness problems are naturally provided by the second stage of inflation. Monopoles 
are formed at the end of the first stage of inflation and are, subsequently, diluted by the second stage 
of inflation so that their density in the present universe is utterly negligible. 
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1. INTRODUCTION 

One of the most promising inflationary scenarios is hybrid inflation (HI) [1], which is 
naturally realized [2, 3] in supersymmetric (SUSY) grand unified theory (GUT) models. 
In its standard realization, though, the GUT gauge symmetry (G) breaking occurs at the 
end of inflation leading [4] to a disastrous production of magnetic monopoles if these 
defects are predicted by the underlying symmetry breaking. This problem is avoided in 
the smooth [4, 5] or shifted [6] variants of SUSY HI, where G is broken to the standard 
model gauge group (Gsm) already during inflation (for a review, see Ref. [7]). 

These two variants of SUSY HI, originally based on non-renormalizable superpo- 
tential terms, can be implemented [8, 9] with only renormalizable terms in an extended 
SUSY GUT model based on the Pati-Salam (PS) gauge group Gps = SU(4)c x SU(2)l x 
SU(2)r [10], whose breaking to Gsm predicts [11] the existence of doubly charged 
monopoles. 

It is very interesting to point out that this extended SUSY PS model was motivated 
[12] (see also Ref. [13]) by a very different issue: In SUSY models with Yukawa 
unification (YU)[14] , such as the simplest SUSY PS model (see Ref. [15]), and universal 
boundary conditions, the mass of the b-qaaxk {ni},) turns out [16] to be too large for 
jU > 0. By appropriately extending the model, however, YU is modestly violated and 
can be adequately reduced. 
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Fitting the Wilkinson microwave anisotropy probe (WMAP) data [17] with the stan- 
dard power-law cosmological model with cold dark matter and a cosmological constant, 
one obtains a spectral index Hs clearly lower than unity. However, in canonical super- 
gravity (SUGRA), these HI models yield [18] Hs's which are very close to unity or even 
larger than unity. 

One way [19] to reduce ns is by restricting the number of e-foldings of our present 
horizon during the main part of inflation which is responsible for the observed density 
perturbations. The additional e-foldings required for solving the horizon and flatness 
problems can be provided by a subsequent second stage of inflation. 

We show [20] that the same extended SUSY PS model of Ref. [12] leads to a two- 
stage inflationary scenario with acceptable values of Us in minimal SUGRA. The first 
stage is of the standard hybrid type, while the second is of the smooth hybrid type. So, 
the name standard- smooth HI is coined for this scenario. Standard HI occurs along a 
trivial flat direction on which Gps is unbroken. As the inflaton drops below a critical 
value, this direction is destabilized giving its place to a non-flat valley for smooth HI on 
which Gps is broken. 

Note that the same extended SUSY PS model can lead [21] to an alternative inflation- 
ary scenario with cosmic strings [22] (for a textbook presentation or a review, see e.g. 
Ref. [23]), since it possesses a semi-shifted flat direction on which U(1)b-l is unbro- 
ken. When the system crosses the critical point of this path, U(1)b-l breaks and cosmic 
strings are produced contributing to the primordial perturbations, in which case, the data 
allow [24] larger values of ns- In this semi-shifted inflationary scenario, no magnetic 
monopoles are formed. 

2. THE EXTENDED SUSY PS MODEL 

In this model [12] (see also Refs. [6, 13]), the breaking of Gps to Gsm is achieved by 
the vacuum expectation values (VEVs) of a conjugate pair of Higgs superfields and 
H'^ belonging to the (4, 1,2) and (4, 1,2) representations of Gps respectively. There also 
exist a gauge singlet S and a conjugate pair of superfields 0,0e(15,l,3) with (0), the 
VEV of 0, breaking Gps to Gsm x U(1)b-l- In addition to Gps, the model possesses 
a Z2 matter parity symmetry and two global U(l) symmetries, namely a Peccei-Quinn 
and a R symmetry. 
The superpotential terms relevant for inflation are [9] 

W = kS{M^ - (j)^) - ySH'^H" + m(j)^- X^H^H^, (1) 

where the mass parameters M, m (~ Mqut, the SUSY GUT scale) and any two of the 
three dimensionless coupling constants fc, 7, A can be made real and positive by an 
appropriate rephasing of the fields. We choose the third dimensionless coupling constant 
to be real and positive too. 

The F-term scalar potential obtained from the superpotential W in Eq. (1) is 

^yS + X^\^{\H'\^ + \H'\^). (2) 
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From this potential and the vanishing of the D-terms (which yields H^* = e^^H% we 
find [9] two distinct continua of SUSY vacua: 

= 0+, H'*=H', \H'\ = ^/^^4^ (0 = 0); (3) 
= 0_, H''* = -W, \W\ = V-m0_/A {e = 7t) (4) 

with 0=5 = 0, where 



3. FLAT DIRECTIONS 

The potential V in Eq. (2) possesses [9] three flat directions: 

(/) The trivial flat direction: = = //^ = = with V = = k^M"^. 
(a) The new shifted one (for 77^ 0) on which Gps is broken to Gsm- 



'nsh - y2+;L2 V 4lc2A2^ 

(///) The semi-shifted one (for M^ = M^- jlK^ > 0): 

= ±M, = ^5, H' = H' = (7) 
m 

on which Gps is broken to Gsm x U(1)b-l (0 ^ 0, = = 0) and V = = 
jc2(m4-M4). 



4. STANDARD-SMOOTH HI 

We will take < 0. In this case, the semi-shifted flat direction does not exist. Also, 
^nsh ^ ^tr ^iid' thus, the System will eventually settle down on the trivial flat direction. 



Expanding 0, 0, H'^, as s — {si + z 52) / v 2, we find [20], on the trivial direction, the 
mass^ matrices M^j of 0i, 0i andM^j of 02, 02: 

2 / m2 + 4fc2|S|2^2K:2M2 -2/cotS 



^m2}-[ -2KmS m2 ' 



and the mass^ matrices M^^ of Hf, Hf and of ^^1' ^2' 



The Standard- smooth Variant of Hybrid Inflation 



June 21, 2010 



3 



The matrices M^^^j) acquire one negative eigenvalue for l^l < = •>/ k/jM and the 
trivial direction becomes unstable. 

For 7<^ 1, the trivial direction, after its destabilization at Sc, gives its place [9] to a 
valley of minima with ~ 0, which leads to the corresponding SUSY vacua in Eq. (3). 
This valley possesses a classical inclination and can accommodate a second stage of 
inflation of the new smooth hybrid type. 

The standard-smooth HI scenario goes [20] as follows: 

(/) The system initially inflates on the trivial direction which acquires a slope from the 

one-loop radiative correction (RC) [3] due to the SUSY breaking caused by the constant 
potential energy density V — V^. So, we get a first stage of inflation of the standard 
hybrid type. 

(//) As the system moves below Sc, Gps breaks to Gsm- After a short intermediate 
inflationary phase, the system settles down on the new smooth path and new smooth HI 
occurs. The second stage of inflation (intermediate phase plus new smooth HI) yields 
the additional e-foldings for solving the horizon and flatness problems. At the end, the 
system falls into the SUSY vacua leading, though, to no magnetic monopoles, since Gps 
is broken to Gsm during the second stage of inflation. 

However, two important requirements must be fulfilled [20]: 

(a) The number of e-foldings during the second stage of inflation must be adequately 
large for diluting any monopoles generated at the end of the first stage. 

{b) Cosmological scales get perturbations only from the first stage of inflation. 



4.1. One-loop RC 

The one-loop RC [3] to the potential V from SUSY breaking on the trivial path is 
calculated by the Coleman- Weinberg formula [25]: 

1 

AV = ^I(-1)^^^-]^' (10) 

where we sum over helicity states, Fi and M? are the fermion number and mass^ of the 
/th state and A is a renormalization scale. 

So, we need the mass spectrum of the model on the trivial path. We find [20] two 
groups of 45 pairs of real scalars with mass^ matrices 



2 _ m^ + AK^\SYT^K^M^ -iKmS 



and two more groups of 8 pairs of real scalars with mass^ matrices 



M?™= zS, ^irr I. (12) 



'1(2) - \^ ^yrf y2|^|2 

Also, 45 pairs of Weyl fermions with mass^ matrix 
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and 8 more pairs of Weyl fermions with mass^ matrix 



y^l^p 
y2|5|2 



The one-loop RC to the inflationary potential Y is then 

45 



Ay 



64;r2 
8 



tr 



A M1_ a lYl A 

Mtln-±+Mlln-^-2M^ln ^, 
^ A^ A^ 



Ml 
A2 



64;r2 



tr 



Ml 



Ml^ 



The total effective potential on the trivial path in global SUSY is 

ytr = v^+Ay, 



(14) 



(15) 



(16) 



where vq = \/kM is the inflationary scale. Note that the Y.i{—^Y'Mf is 5- independent 
implying that the slope of the path is A-independent. This guarantees that the observables 
do not depend on A, which remains undetermined. 



4.2. SUGRA correction 



The F-term scalar potential in SUGRA is 



V 



(17) 



where K is the Kahler potential, Fi — Wi + KiW/nip, a subscript i (i*) denotes derivative 
with respect to the complex scalar 5' (5'*), K'^ ■' is the inverse of Kji*, and mp is the 
reduced Planck mass. We will only consider minimal Kahler potential 



LJf|2 



(18) 



The F-term scalar potential then becomes (s is any of the five complex scalars above) 



Ws* 



\W\ 



mi 



(19) 



On the trivial path, this scalar potential up to 4th order in 15 1 is [20] 

Vtr 



vS 1 + 



2 mi 



and the effective potential for the standard hybrid case becomes 
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with AV being the one-loop RC in Eq. (15). 

The effective potential on the new smooth path becomes [20] 

V„™-V^(^ynsm+^^), (22) 

where Vnsm = Ksm/vo with ynsm being the effective potential on the new smooth path 
for global SUSY, which is constructed [9] numerically. 



4.3. Inflationary observables 

We can make S real by an appropriate global U(l) R transformation and define the 
canonically normalized real inflaton field a = y/2S. The slow-roll parameters e, rj and 
the parameter entering the running of Us, are given by (see e.g. Ref. [26]) 

_ml/V'{a)Y 2fV"('^)\ ^i^..a(V'{o)V"'{<j) 



where prime denotes derivation with respect to o and V is either the effective potential 
ySUGRA |.]^g trivial path given in Eq. (21), or the effective potential V^sm^^ on the 
new smooth path given in Eq. (22). 

Numerical simulations show that the system even during the intermediate phase 
follows basically the new smooth path. The e-foldings from the time when the pivot 
scale ^0 = 0.002 Mpc~^ crosses outside the horizon until the end of inflation are [26] 



-da, (24) 



^ (25) 



ml Jar nSUGRA(^), ^2 J^^ ySUGRA(^y 

where Oq = \/2Sq > is the value of a at horizon crossing of the pivot scale ko and Of 
the value of a at the end of the second stage of inflation. 

The power spectrum of curvature perturbation at ko is given [26] by 

2;rV3m3ySUGRA(^gy 

The spectral index Hs, the tensor-to-scalar ratio r, and the running of the spectral index 
dns/dlnk are [26] 

ns^l+277 -6e, r~ 16e, - 16e77 -24e2 -2^^ (26) 

dmk 

with e, T], and evaluated at (7 = Gq. The number of e-foldings Nq required for solving 
the horizon and flatness problems is [27] 

where is the reheat temperature and should be less than about 10^ GeV from the 
gravitino bound [28]. 

The Standard- smooth Variant of Hybrid Inflation June 21,2010 6 



4.4. Monopole Production 



Magnetic monopoles are produced at the end of the standard hybrid stage of inflation, 
where Gps breaks to Gsm, via the Kibble mechanism [29]. The initial monopole number 
density is 

n^'^^Hl (28) 

since Hq^ is the relevant correlation length (p ~ 1/10 is a geometric factor). At the end 
of inflation, the monopole number density becomes 

(29) 

where dN is the number of e-foldings of the second inflationary stage. 

Dividing by the number density ninfl ~ V^/minQ of inflatons produced at the end 
of inflation (minfi is the inflaton mass), we obtain 

^ « ^Hie-^'^"^. (30) 
This remains fixed until Tj, where the relative monopole number density is [30] 



s Winfi s 16;r 



m 



e-^^^ (31) 



with s being the entropy density. 

Taking ny^/s ^ \0~^^ (corresponding [31] to the Parker bound [32]), ~ 10^ GeV, 
and Ho ;S 10^^ GeV, we obtain 5N > 9.2, which implies that N^i < 45 (A''st is the number 
of e-foldings of the pivot scale ko during standard HI). Here, A^st ^ 45 and, thus, the 
present monopole flux is utterly negligible. 



4.5. Numerical Results 

We put the mass niA of the color triplet, anti-triplet gauge bosons divided by the 

gauge coupling constant g ^ 0.7 equal to the SUSY GUT scale A/gut and the parameter 
p = y/lKM/m equal to l/V^. Also, we take Tr ~ 10^ GeV saturating the gravitino 

bound [28] and fix P^^ ~ 4.85 x 10~^ at the scale ko from the WMAP normalization 
[17]. The resulting is plotted [20] against A^st and a = | {H'^)\/\{(j)) \ in Fig. 1. 

We took 4 < A^st ~ 45. The lower limit ensures that all the cosmological scales receive 
perturbations from the first stage of inflation, while the upper limit ensures that the 
present flux of monopoles in our galaxy does not exceed the Parker bound [32]. Note 
that, for a ^ 0.2, A turns out to be non-perturbative, whereas, for a ^ 0.7, the WMAP 
normalization [17] is not satisfied. 

We see that «s's below unity are readily obtainable and that the central value ns = 
0.958 from WMAP is easily achievable, although spectral indices ns ^ 0.953 are not 
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FIGURE 1. Spectral index in standard- smooth HI versus A^st in minimal SUGRA for p = ^/iKM/m = 
1 /\/2. The values of the parameter a range from 0.2 to 0.7 with steps of 0.1. 

possible. We find tliat ns's in the 95% confidence level range [17] 

0.926 < ns < 0.99 (32) 

are obtained only if A^st ~ 21. So the present monopole flux is expected to be negligible. 

The range of the various parameters of the model are [20] y ~ (0. 17 — 3.43) x 10~^, 
jc ~ (0.66 - 1.35) X 10-2, A ~ 0.027 - 0.68, M ~ (2.12 - 2.44) x 10^^ GeV, m ~ 
(2.8 - 6.6) X 10^4 GeV, Oq ~ (0.95 - 3.05) x lO^"^ GeV, Oc ~ (0.6 - 2) x lO^^ GeV, 
Of ~ (4.9 - 9.9) x 10^6 GeV, Nq ~ 54.1 - 54.5, dns/dlnk ~ -(0.77 - 3.76) x lO'^, 
and r~ (0.7-5.3) x 10"^ 

4.6. Gauge Unification 

Cosmology has constrained m to be significantly lower than Mgut, which spoils 
gauge unification since some fields acquire masses ~ m. Actually, the fields with masses 
< Mgut turn out to be too many implying the existence of Landau poles. Also, none of 
these fields has SU(2)l quantum numbers and, thus, the SU(2)l gauge coupling constant 
fails to unify with the other two gauge coupling constants. 
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Landau poles are avoided by considering the superpotential term ^^^^ allowed [12] 
by all the symmetries of the model. This term gives masses ~ |^(^)| to some fields. 
The second problem is solved by including a single extra superfield x ^ (15,3,1) with 
mass m;^ 8 X 10^"* GeV and charge 1 /2 under the U(l) R symmetry, which allows it 
to have just the superpotential term m-^x^ jl. Finally, for gauge unification, we find [20] 
that m > 4 X 10^"^ GeV, which implies that a < 0.5. 

5. CONCLUSIONS 

The extension of the SUSY PS model introduced in Ref. [12] in order to solve the 
problem in SUSY GUTs with YU, such as the simplest SUSY PS model, universal 
boundary conditions and /i > is a very fruitful framework for constructing HI models. 
It naturally leads to new shifted and new smooth HI using only renormalizable super- 
potential terms and avoiding the monopole problem. These variants, however, yield, in 
minimal SUGRA, too large Hs's. 

This problem can also be resolved within the same model by a two-stage inflationary 
scenario: the first stage is of the standard and the second of the new smooth hybrid 
type. Alternatively, we can have semi-shifted HI within the same model. This scenario 
incorporates cosmic strings contributing to the power spectrum of perturbations. In this 
case, larger /is 's are allowed. 

ACKNOWLEDGMENTS 

This work was supported by the European Union under the Marie Curie Initial Training 
Network "UNILHC" PITN-GA-2009-237920 and the Marie Curie Research Training 
Network "UniverseNet" MRTN-CT-2006-035863. 



REFERENCES 

1. A. D. Linde, Phys. Rev. D 49, 748-754 (1994). 

2. E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart, and D. Wands, Phys. Rev. D 49, 6410- 

6433 (1994). 

3. G. R. Dvali, Q. Shaft, and R. K. Schaefer, Phys. Rev. Lett. 73, 1886-1889 (1994); G. Lazarides, 
R. K. Schaefer, and Q. Shaft, Phys. Rev D 56, 1324-1327 (1997). 

4. G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D 52, R559-R563 (1995). 

5. G. Lazarides, C. Panagiotakopoulos, and N. D. Vlachos, Phys. Rev D 54, 1369-1373 (1996); R. Jean- 
nerot, S. KhaUl, and G. Lazarides, Phys. Lett. B 506, 344-350 (2001). 

6. R. Jeannerot, S. Khalil, G. Lazarides, and Q. Shaft, /. High Energy Phys. 10, 012 (2000). 

7. G. Lazarides, hep-ph/001 1 130; R. Jeannerot, S. KhaHl, and G. Lazarides, hep-ph/0106035. 

8. R. Jeannerot, S. Khalil, and G. Lazarides, J. High Energy Phys. 07, 069 (2002). 

9. G. Lazarides and A. Vamvasakis, Phys. Rev D 76, 083507 (2007). 

10. J. C. Pati and A. Salam, Phys. Rev. D 10, 275-289 (1974). 

11. G. Lazarides, M. Magg, and Q. Shafi, Phys. Lett. 97B, 87-92 (1980). 

12. M. E. Gomez, G. Lazarides, and C. Pallis, Nucl. Phys. B638, 165-185 (2002). 

13. G. Lazarides and C. Pallis, hep-ph/0404266; hep-ph/0406081. 

14. B. Ananthanarayan, G. Lazarides, and Q. Shaft, Phys. Rev. D 44, 1613-1615 (1991); Phys. Lett. B 
300, 245-250 (1993). 



The Standard- smooth Variant of Hybrid Inflation 



June 21, 2010 



9 



15. G. Lazarides and C. Panagiotakopoulos, Phys. Lett. B 337, 90-94 (1994); S. Khalil, G. Lazarides, and 

C. Pallis, ibid. 508, 327-334 (2001). 

16. R. Hempfling, Phys. Rev. D 49, 6168-6172 (1994); L. J. Hall, R. Rattazzi, and U. Sarid, ibid. 
50, 7048-7065 (1994). 

17. D. N. Spergel et al, Astrophys. J. Suppl. 170, 377-408 (2007); E. Komatsu et al, ibid. 180, 330- 
376 (2009); E. Komatsu et al, arXiv: 1001. 4538. 

18. V. N. §enoguz and Q. Shaft, Phys. Lett. B 567, 79-86 (2003); ibid. 582, 6-14 (2004). 

19. G. Lazarides and C. Pallis, Phys. Lett. B 651, 216-223 (2007); G. Lazarides, arXiv:0706.1436. 

20. G. Lazarides and A. Vamvasakis, Phys. Rev. D 76, 123514 (2007). 

21. G. Lazarides, I. N. R. Peddle, and A. Vamvasakis, Phys. Rev. D 78, 043518 (2008). 

22. H. B. Nielsen and P Olesen, Nucl. Phys. B61, 45-61 (1973); G. Lazarides, Q. Shaft, and T. E Walsh, 
ibid. B195, 157-172 (1982). T. W. B. Kibble, G. Lazarides, and Q. Shaft, Phys. Lett. 113B, 237- 
239(1982). 

23. A. Vilenkin and E. P. S. SheUard, Cosmic Strings and Other Topological Defects, Cambridge Univer- 
sity Press, Cambridge, U. K., 1994; M. B. Hindmarsh and T. W. B. Kibble, Rep. Prog. Phys. 58, 477- 
562 (1995). 

24. N. Bevis, M. Hindmarsh, M. Kunz, and J. Urrestilla, Phys. Rev. Lett. 100, 021301 (2008). 

25. S. R. Coleman and E. Weinberg, Phys. Rev. D 7, 1888-1910 (1973). 

26. B. A. Bassett, S. Tsujikawa, and D. Wands, Rev. Mod. Phys. 78, 537-589 (2006). 

27. G. Lazarides, Led Notes Phys. 592, 351-391 (2002), hep-ph/01 1 1328; hep-ph/0607032. 

28. M. Yu. Khlopov and A. D. Linde, Phys. Lett. 138B, 265-268 (1984); J. ElHs, J. E. Kim, and 

D. Nanopoulos, ibid. 145B, 181-186 (1984); J. R. Ellis, D. V. Nanopoulos, and S. Sarkar, Nucl. Phys. 
B259, 175-188 (1985). 

29. T. W. B. Kibble, J. Phys. A 9, 1387-1398 (1976); Phys. Rept. 67, 183-199 (1980). 

30. G. Lazarides and Q. Shaft, Phys. Lett. B 489, 194-202 (2000). 

31. G. Lazarides, C. Panagiotakopoulos, and Q. Shaft, Phys. Rev Lett. 58, 1707-1710 (1987). 

32. E. N. Parker, Astrophys. J. 160, 383^04 (1970); S. A. Bludman and M. A. Ruderman, Phys. Rev 
Lett 36, 840-843 (1976); G. Lazarides, Q. Shaft, andT. R Walsh, Phys. Lett lOOB, 21-24 (1981). 



The Standard-smooth Variant of Hybrid Inflation 



June 21, 2010 



10 



